In high strength 6000 series alloys dispersoids that form during heating to the homogenization temperature are used to improve fracture toughness and suppress grain growth during the extrusion process. However, these dispersoids can act as heterogeneous nucleation sites for nonhardening Mg-Si precipitates if quenching after extrusion is delayed. This leads to a reduced level of Mg and Si in solid solution and hence lower achievable strength and hardness. This phenomenon is called quench sensitivity. In this study, the hardening response of several 6000 series aluminium alloys is related to microstructural features, especially dispersoid density. Therefore, the alloys were quenched at varying rates after extrusion and age hardened to peak strength. Quench sensitivity is related to dispersoid density as well as to the enthalpy related to the precipitation of Mg-Si phase measured by DSC. The results suggest that in alloys containing dispersoids, quench sensitivity is primarily determined by the number density of dispersoids. However, effects associated with elements in solid solution cannot be ruled out. TEM investigations suggest that not only the general reduction of Mg and Si is responsible for the reduced mechanical properties, but that an inhomogeneous distribution of hardening precipitates might be another determining factor.
Introduction
Quench sensitivity, the loss of properties due to reduced quench rates after extrusion, is a particular problem in high strength 6000 series aluminium alloys. While high quench rates are achievable, they are an added cost and can lead to distortion of extrusions, especially of more complex profiles. Transition metals, especially manganese and chromium, are added to improve fracture toughness and to inhibit grain growth during recrystallization. These elements, in combination with iron, form dispersoid phases during heating to the homogenization temperature. 1) If cooling from the extrusion temperature is delayed, these dispersoid phases act as nucleation sites for coarse, non-hardening Mg-Si precipitates.
2) This reduces the degree of supersaturation of Mg and Si and hence reduces the alloy's response to age hardening treatments. Consequently, mechanical properties depend strongly on the quench rate.
Therefore there are two key alloy characteristics that determine the quench sensitivity: the presence of nucleation sites for non-hardening precipitation and the degree of supersaturation. However, it is really the presence of heterogeneous nucleation sites that are problematic as the supersaturation is also required to drive the precipitation process during ageing.
3) The suitability of dispersoids as nucleation sites depends on their interface with the matrix which is determined by their composition, crystal structure and size. In chromium and manganese containing 6000 series alloys dispersoids are isomorphous to Al 12 Fe 3 Si and Al 15 Mn 3 Si 2 with Cr, Mn and Fe substituting for Fe and Mn in these phases respectively. 2, 4, 5) For relatively high chromium contents (> 0:3 mass%) the 0 -Al 13 Cr 4 Si 4 phase has been reported.
2) The dispersoid phases identified in the literature are summarized in Table 1 . Due to the large lattice parameter (a ¼ 1:26 nm 4) ) of the -phases and dispersoids in the size range between 20-500 nm, the interface between the dispersoids and the matrix is incoherent and hence can provide a high energy interface for nucleation of other phases.
The number density of the dispersoids is known to increase the quench sensitivity of these alloys.
2) The number density is determined by the amount of transition metals and the homogenization treatment, where short homogenization times at comparably low temperatures lead to high densities of fine dispersoids.
3) The same dispersoid density is achieved at lower chromium contents compared to manganese, as manganese is more soluble in both the matrix and primary intermetallic phases. 2) As 6000 series alloys gain their strength from fine 00 -MgSi precipitates, increased amounts of Mg and Si in the alloy lead to higher strength. 6) However, increased supersaturation in alloys containing high amounts of Mg and Si in solid solution also provides a greater driving force for nucleation of nonstrengthening precipitates during the quench, thus leading to more quench sensitive alloys. This means that higher strength alloys will always tend to be more quench sensitive.
While there is understanding of the general relationships between dispersoid formation and quench sensitivity, a study of the relationship between dispersoid characteristics and the relative quench sensitivity of various alloys is not available in the open literature. A quantification of the reasons for these variations is likely to provide a path for the development of less quench sensitive alloys and is consequently the topic of this research.
Experimental
Four different alloys with compositions in the range of AA6060, AA6005A, AA6061 and AA6082 respectively were investigated in this study ( Table 2 ). The alloys chosen represent common 6000 series extrusion alloys with AA6060 being considered a low strength alloy and AA6005A, AA6061 and AA6082 being considered medium to high strength alloys.
The alloys were direct chill cast into extrusion billets with standard casting temperatures and cooling rates for the specific alloys. Homogenization was conducted at 570 C for 2 h followed by an air quench. The alloys were extruded, water quenched and straightened by 0.5% strain. In order to determine quench sensitivity a modified Jominy test, which is described in detail elsewhere, 7) was conducted to achieve a wide range of cooling rates. Thermocouples were embedded into a 600 mm long bar at particular distances to measure the cooling rates. These bars were solution treated (AA6060 at 520 C for one hour and AA6005A, AA6061 and AA6082 at 550 C for one hour). Following this, the bars were fixed on a holder at one end and 50 mm of the other end was swung into a tank containing $150 litres of water at room temperature. This method provided cooling rates from 50 C/min for the fixed end to over 2000 C/min for the water quenched end. In a final step the alloys were heat treated to T6 condition by ageing for 6 h at 190 C for AA6060 and 8 h at 175 C for AA6005A, AA6061 and AA6082. Rockwell F was used to assess the mechanical properties of each of the alloys.
Scanning electron microscopy (SEM) investigations were undertaken on polished samples using JEOL 7001F FEGSEM in the back scattered electron (BSE) mode. To determine the dispersoid size and density high contrast BSE images were analyzed using Adobe Photoshop Extended CS4 Win EULA software. The analysis of SEM images was found to give satisfactory results and hence chosen due to savings in time and effort. Transmission electron microscopy (TEM) was carried out to investigate the composition and structure of dispersoids in selected alloys using a Philips CM20 operated at 200 kV equipped with an EDS detector.
Differential scanning calorimetry (DSC) is widely used to study phase transformations in metals. A number of studies e.g. [8] [9] [10] [11] used DSC qualitatively to study various precipitation reactions. Milkereit et al. 12) published a detailed report on using DSC to measure the precipitation of Mg-Si-phases during cooling after solution treatment. DSC was performed in order to compare the precipitation of non-hardening phases in the four different alloys at a cooling rate, which represents a forced air quench in an industrial process. It was conducted using a Perkin Elmer DSC7 in a nitrogen atmosphere. Disc shaped samples, 5 mm in diameter and 2 mm high, were heated at 50 C/min to 550 C, held for 60 min in order to completely dissolve previously precipitated Mg-Si phases and cooled at a rate of 50 C/min. All runs were corrected by subtracting the baseline of the DSC.
Results
The hardness measured along the extruded and peak aged bars is related to the quench rate ( Fig. 1) . 7) In the fast quenched state the difference between the soft alloy AA6060 and the medium to high strength alloys is significant, whereas in the slow cooled state this difference is reduced up to the point that AA6082 shows lower hardness than the alloy AA6060. The hardness of AA6060 is almost independent of the cooling rate while the hardness of the other investigated alloys, especially AA6082, is highly dependent on the cooling rate.
In order to be able to compare the quench sensitivity with other alloy features, quench sensitivity is defined as the difference in the measured hardness between water quenched and air cooled samples. The dipsersoid density was determined from SEM micrographs (Fig. 2) . AA6082 contained the greatest number of dispersoids, followed by AA6061 and then AA6005. The average length of the dipsersoids for the three alloys was approximately 150 nm. Dispersoids were not observed in AA6060.
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and quench sensitivity (Fig. 3) , with the extrapolation through the origin suggesting that dispersoid density is a strongly dominant factor. Despite dispersoids not being observed in AA6060 some quench sensitivity was still observed in this alloy and consequently it did not lie on the straight line. Figure 4 (a) shows a transmission electron micrograph of a sample of alloy AA6061 after cooling in air and age hardening, highlighting a coarse, elongated non-hardening precipitate nucleated on a dispersoid. The strengthening precipitates which formed during age hardening are visible in the micrograph as well. However, in the proximity of the non-hardening phase there are no hardening precipitates. This precipitate free zone was depleted of Mg and Si as a result of the formation of the non-hardening phase during the slow cooling from the extrusion temperature.
The EDS spectra indicate the elements present in the dispersoid Fig. 4(b) and the non-hardening phase Fig. 4(b) .
The dispersoid contains Al, Fe, Mn, Cr and Si which indicates that it is a cubic -Al(FeMnCr)Si phase.
2) The EDS spectrum for the elongated, non-hardening phase shows Al, Mg and Si and hence indicates a metastable Mg-Si phase, most likely 0 -Mg-Si. The precipitate free zones could also be observed in AA6082 and AA6005A. Dispersoids in AA6082 were found to be either the body centered cubic (bcc) -Al 12 (FeMn) 3 Si or the simple cubic (sc) -Al 15 (FeMn) 3 Si 2 .
13)
The amount of phase transformation during cooling from solution treatment at 550 C was determined by differential scanning calorimetry (Fig. 5) . The cooling rate was similar to that in a forced air quench, which is the lowest quench rate in Fig. 1 . No peak was observed in AA6060. However, alloys AA6005A, AA6061 and AA6082 had significant peaks indicating precipitation of the non-hardening Mg-Si phases. The size of the peaks, reflected in the enthalpy of precipitation (Table 3) , indicates more precipitation occurs in AA6082 than in AA6061 and AA6005A. While the peak of AA6005A is uniform, both AA6061 and AA6082 show a shoulder during the early stages of precipitation. In Fig. 6 the enthalpy measured from the DSC is plotted against quench sensitivity. The relationship between these two parameters follows a similar trend as the one between quench sensitivity and dispersoid density. However, AA6061 seems to diverge from this trend, showing a higher enthalpy of precipitation relative to AA6082 and AA6005A for its quench sensitivity. 
Discussion
This work indicates that the dispersoid density is a key factor that affects the quench sensitivity of an alloy and that the relationship is directly proportional (Fig. 3) ; at least in the 6000 series processed under equivalent conditions. It is noted that the exception is AA6060 which does show some quench sensitivity despite containing virtually no dispersoids. While the data shows such a strong relationship, it is important to consider whether this should be the case or not, and whether this can be expected to be universally the case. TEM investigations on an air cooled and age hardened sample of AA6061 show a precipitate free zone (PFZ) around the coarse precipitate which nucleated on the dispersoid. The precipitation of these non-hardening precipitates leads not only to a reduction of the total amount of Mg and Si in solid solution but causes zones free of Mg and Si. There is no precipitation of fine, hardening precipitates occurring in this PFZ and it is likely that this is the reason for the reduction in properties of the alloy. Hence to explain quench sensitivity, the nucleation and growth of the nonhardening precipitates on the dispersoids needs to be considered.
The three dispersoid containing alloys AA6005A, AA6061 and AA6082 all contain dispersoids that are very similar in their size and composition (Table 1) . While the size is Relating Quench Sensitivity to Microstructure in 6000 Series Aluminium Alloysdetermined by the homogenization treatment, the composition and crystal structure are determined by the composition of the alloy, in particular the transition metal content. For transition metal contents typical in the alloys investigated (Mn < 0:6 mass%, Cr < 0:3 mass%) all dispersoid phases are based on the primary intermetallic phases Al 12 Fe 3 Si or Al 15 Mn 3 Si 2 . This means that all dispersoids have a cubic unit cell with the cell parameter a ¼ 1:26 nm, so that the interfacial energy is expected to be very similar. The potential of each single dispersoid to act as a nucleation site is hence the same, particularly since the size of the dispersoids are very similar. Consequently it would be assumed that the nucleation kinetics will be the same in each of the alloys. The DSC results (Fig. 5) provide information on the growth kinetics and more particularly the degree of the transformation. There is a strong relationship between the enthalpy measured and the quench sensitivity of the alloy. It could be expected that since the dispersoids have more or less the same crystal structure and the non-hardening precipitates are Mg-Si precipitates and the cooling regime is the same, that at each of the dispersoids similar size non-hardening precipitates would form leading to a direct relationship between the dispersoid density, the measured enthalpy and the quench sensitivity of the alloy. This is more or less what is found, although it appears that the AA6061 alloy has a lower measured quench sensitivity than would be expected for the measured enthalpy. Hence there appears to be some nuances to the precipitation process that require further investigation.
Interestingly, the exothermal DSC peaks for AA6082 and AA6061 do not have a Gaussian shape, but show a shoulder at the higher temperature end and the shape of the shoulder differs between the alloys. This can be explained by Milkereit's et al. findings, 14) that show two different peaks for slow cooling rates (0.1-2 K/min). These two peaks were attributed to two different precipitation reactions. The high temperature reaction, starting at 490 C for 0.1 K/min and lower temperatures for increasing cooling rates, was reported to be linked to the formation of the equilibrium Mg 2 Si phase. Another possibility is precipitation of Si, especially in AA6082. The low temperature reaction, starting at about 270 C for 0.1 K/min was linked to the precipitation of the metastable phase 0 or B 0 . At higher cooling rates these two peaks start to merge. This explains the shoulders in the peaks for AA6061 and AA6082, and provides a direction for future work on understanding the precipitation of the non-hardening Mg-Si phases on the dispersoids. At a grain size of about 80 mm in AA6060 the surface area of the grains is approximately 10 mm 2 /mm 3 whereas the surface area of dispersoids in the dispersoid containing alloys AA6005A, AA6061 and AA6082 is about one order of magnitude higher. This indicates why dispersoids dominate the precipitation and hence the quench sensitivity in these alloy systems.
The other interesting result was that in alloy AA6060, which contained only 0.04 Mn and where no dispersoids were observed, it appears that quench sensitivity cannot be related to dispersoid density. One explanation for its quench sensitivity can be drawn using Shuey's et al. findings, 15) which describe solute loss not only to precipitation on dispersoids but also to precipitation on grain boundaries. This leads to the conclusion that in cases where dispersoids are present, the precipitation of non-hardening phases occurs on the dispersoids with their density being the dominant factor, and in the case where no dispersoids are present, precipitation could occur on other heterogeneous nucleation sites. The DSC results, however, show that no precipitation occurs during the cooling of AA6060. Therefore, other factors are likely to be responsible for the loss in hardness. A possible explanation lies in the reduced amount of vacancies due to slower cooling rates. Vacancies are involved in early clustering during ageing 16) and a lower vacancy concentration will reduce the ageing response of an alloy.
Dispersoids in the different dispersoid containing alloys AA6005A, AA6061 and AA6082 were measured to be of similar size for a given homogenization treatment. As the amount of dispersoid forming elements in each of these alloys is significantly different it can be concluded that the homogenization treatment, which was the same for the three alloys determines the size of the dispersoids.
To investigate whether the dispersoid size affects the quench sensitivity a final experiment was performed. Three different homogenization treatments were performed on AA6082 alloy (2 h at 510 C, 2 h at 570 C and 12 h at 570 C). Subsequently the alloy was extruded, solution treated at 550 C for 1 h, quenched with forced air and cold water, respectively, and aged (8 h at 175 C). The dispersoids have previously been characterised 13) and it was found that as the homogenization temperature and time increased the dispersoid size also increased, but the composition and crystal structure of the dispersoids changed depending on the dispersoid size from sc for dispersoids with a length smaller than 200 nm to bcc for large dispersoids with a length exceeding 200 nm. Despite this the quench sensitivity was again linearly related to the dispersoid density. Hence, at least for this alloy it appears that dispersoid size in the observed range of 50 to 500 nm has little effect on the quench sensitivity and consequently it appears that it has little effect on the nucleation kinetics. One of the important clues is that, although the crystal structure of the dispersoids varies slightly, all show a cubic structure with the same unit cell parameter. Therefore it is expected that all dispersoids present under the conditions described above have the same potential as nucleation sites for Mg-Si phases. It is now important to determine the orientation relationships between the dispersoids and the non-hardening precipitates to determine whether this is true.
Conclusion
The quench sensitivity of four different 6000 series alloys was determined. Quench sensitivity was most pronounced in AA6082, followed by AA6061, AA6005 and AA6060. It was apparent that increasing the alloy content, especially the amount of transition metals, increased quench sensitivity. Quench sensitivity was found to be directly proportional to the dispersoid density formed from the transition metals, as dispersoids act as heterogeneous nucleation sites for the precipitation of coarse Mg-Si phases. The amount of Mg-Si phases that precipitated on the dispersoids was determined using DSC and it was found that the measured enthalpy values correlated reasonably well with the quench sensitivity. In addition to the general reduction of Mg and Si in solid solution, the precipitation on dispersoids leads to an inhomogeneous distribution of hardening precipitates and the formation of precipitate free zones. The dispersoid free alloy AA6060 showed some quench sensitivity as well. This reduction in achievable hardness was found to be not related to precipitation of Mg-Si phases during cooling from extrusion temperature. The DSC results indicated that there may be two reactions that occur during cooling, especially in AA6061 and AA6082 indicating that further work is required to understand the precipitation of the non-hardening phases that leads to quench sensitivity.
